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ABSTRACT 
The musculature of small lung veins, of the thoracic portion of the inferior vena 
cava, and of other thoracic veins of the mouse have been studied in the electron 
microscope.  Tissues  were  fixed  in  1  per  cent  osmium  tetroxide  buffered  with 
veronal, to which either sodium chloride or sucrose had been added. Methacrylate 
or araldite served as embedding matrices. Phosphotungstic acid or uranyl acetate 
was  used  to  stain  some of  the preparations.  Thin  sections  were  examined  in  a 
Siemens and Halske Elmiskop Ib electron microscope. 
The entire musculature of the veins examined was of the striated type. It repre- 
sents a variety of cardiac muscle,  characterized by centrally located nuclei, typical 
mitochondria, and narrow I bands. Many I bands cannot be recognized at all. H and 
M bands are likewise indistinct. There is a double array of primary and secondary 
myofilaments. Mitochondria are large and numerous and contain many cristae. The 
endoplasmic  reticulum  consists  of  longitudinal  tubules  which  run  through  the 
whole sarcomeres and bypass Z bands, and of transverse tubules which accompany 
Z bands.  Some "triads," located at Z levels, consist of flattened vacuoles flanked 
by such transverse tubules. Small vesicles located at Z bands, close to the nucleus, 
and  beneath  the plasma membrane may represent  still other portions of the re- 
ticulum. 
INTRODUCTION 
In recent years, a  number of studies on the fine 
structure  of  striated  muscle  have  provided  some 
new  and  startling  morphological  information. 
These findings have provided new  starting  points 
for the interpretation  of physiological phenomena. 
A  novel  explanation  of  muscle  contraction  has 
been  suggested  by  the  outstanding  work  of  H. 
Huxley  and  Jean  Hanson  (22-25);  a  possible 
morphological basis of the intracellular conduction 
of  excitation  has  been  discussed  (18-21,  41,  44, 
49,  50),  and  the  non-syncytial  nature  of  cardiac 
muscle has been demonstrated  (42,  56, 58). 
It is likely that further advances will come from 
combined  physiological  and  micromorphological 
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studies.  But  a  number  of  purely  morphological 
problems  still  remain  to  be  investigated.  For 
instance, it is unknown whether the double filament 
arrangement  of skeletal muscle  (23)  also occurs in 
cardiac  muscle.  The  muscle  cell  surface  and  the 
myotendinal  junctions,  too,  need  to be studied  in 
more detail. 
It is, therefore,  hoped  that  the present  descrip- 
tion  of  the  striated  musculature  in  blood  vessels 
and  the  one  which  follows  (30)  will  supplement 
earlier  micromorphological  studies.  This  type  of 
muscle has  not  been  investigated  previously with 
the electron microscope, and practically no physio- 
logical information  is  available.  The  structure  of 
this  muscle  will be  discussed  in  the  light of what 
is already  known  about  other  types of muscle.  In 
addition,  a  few new findings on muscle fine struc- 
ture  will be presented,  which  may prove to  be of 
general cytological interest. 
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Materials and Methods 
The  lungs  of  young  adult  white  mice  (Princeton 
strain)  of both  sexes were  fixed by perfusion  through 
the  trachea  and  through  the  heart  (27,  28)  followed 
by in vitro fixation for about  2 hours at  4°C. Veronal- 
buffered,  1 per cent osmium tetroxide to  which saline 
(32)  or sucrose  (5)  had  been added served as fixative. 
The  thoracic  portion  of  the  inferior  vena  cava  and 
other unidentified  thoracic  veins were  similarly  fixed. 
Small  pieces of tissue  were  rapidly  dehydrated  in  in- 
creasing  concentrations  of  cold  (4°C.)  acetone  (total 
dehydration time was about  1 hour).  They  were  sub- 
sequently  impregnated  in  cold  methacrylate  (3  parts 
n-butyl and  I  part  ethyl methacrylate,  containing 0.1 
per  cent  benzoyl peroxide)  and  embedded  in  a  thick 
syrup  of  prepolymerized  methacrylate  in  number  5 
gelatin  capsules.  Polymerization  was  carried  to  com- 
pletion at 75-80°C. (luring periods of 2 to 3  days using 
a  vacuum  oven.  A  few  specimens were  also  impreg- 
nated  and  embedded in  araldite  (British-made  "cast- 
ing resin M") according to the method of Glauert el al. 
(13,  14).  Composition of the final embedding mixture 
was as follows: Casting resin M, 48.5 per cent, hardener 
964  B,  48.5  per  cent,  accelerator  964  C,  3  per cent, 
dibutylphthalate, none. 
A  few preparations were stained with phosphotung- 
stic acid, added to the amount of 1 per cent to  the 70 
per cent acetone of the dehydration series. Other prepa- 
rations  were  stained  by  floating  the  cut  sections 
(mounted on grids)  on a  solution of uranyl  acetate in 
water  (of  a  strength  approximating  saturation)  for 
about  1~ hour  (59). 
Thin sections were cut by means of glass knives and 
a  Porter-Blum microtome. They were mounted on 200 
mesh  cot)per  grids  covered  with  carbon  membranes, 
and studied in a Siemens and Halske Elmiskop Ib elec- 
tron microscope (48). Most of the time the double con- 
denser was used. More recently, a  cooling stage (Kfihl- 
finger)  (52)  which  employs liquid  nitrogen  was  used 
to  minimize  contamination  of  those  specimens which 
were  examined  for  prolonged periods of  time  at  high 
magnification  and  beam  intensity. 
OBSERVATIONS 
In the mouse lung, all veins down to the smallest 
have a  muscular coat consisting of striated muscle 
cells  (57).  Similar  musculature  is  also  found  in 
the  thoracic  vena  cava  and  in  other  thoracic 
veins  of  the  mouse.  In  thin  sections  through  the 
large  veins  (vena  cava)  the  muscle  cells  appear 
rather  irregularly  arranged  and  probably  follow 
an  oblique  course.  In  cross-sections  through 
smaller  lung  veins,  the  cells  are  found  in  one  to 
several  concentric  (circular)  layers  (two  layers  in 
Figs.  1 and 2).  Separated layers of circular and  of 
longitudinal muscle cells could not be distinguished 
in  the available material,  nor were smooth muscle 
cells  (15)  encountered.  In  the  very  smallest  lung 
veins  the muscle  cells cease  to  form  a  continuous 
layer.  Instead  they  occur  singly within  the  vessel 
wall,  and  each  muscle  cell  is  surrounded  by  con- 
nective tissue.  The muscle cells appear  of varying 
width (2  to  10  #);  their length is  not  determined. 
Nuclei are located centrally in the cells (n2,  Fig.  1). 
The Bands: 
After  phosphotungstic  acid-staining,  the  cross- 
striation  is  clear  because  of  the  prominent  Z  bands 
(Fig.  2).  The  sarcomere length is  variable  (1.3  to  1.9 
#),  and  may (lifter even in adjacent  muscle cells by as 
much as 50 per cent (Fig. 2).  Part or all of this differ- 
ence is due  to  the varying  state of contraction in  dif- 
ferent fibers, as evidenced by the absence of nearly all 
the I  bands in the fiber with shorter sarcomere length 
and  by  the regular  occurrence of I  bands in  the  fiber 
with a  greater sarcomere length (Fig. 2). 
In  most  muscle  cells,  the  I  bands  are  either  com- 
pletely  absent  (Figs.  9,  i0)  or  are  quite  narrow  and 
indistinct. The greatest portion of the whole sarcomere 
thus can be interpreted as A band. Within this A band, 
only  very  rarely  a  trace  of a  narrow  H  band  can  be 
recognized. Typical M  bands have never been seen. 
The Z hands do not show a well defined fine structure. 
They appear denser than the A  band, are about  50  to 
80  m#  in  width,  and  are  restricted  to  the  myofibri]s. 
They  terminate  where  myofilaments meet  sarcop]asm 
(Fig.  12).  The  exact  relationship  between  the  bands 
and myofilaments was  not  determined.  The available 
electron micrographs fail to show a  continuity of myo- 
filaments through the bands. 
The Myofilaments: 
In  longitudinal,  unstained  sections  of  muscle  the 
myofilaments appear as faint striations (f, Figs. 9,  10). 
In  uranyl  acetate-stained sections they  are  more  dis- 
tinct,  especially  if  contamination  of  the  specimen  is 
minimized by cooling (f,  Figs. 4,  6).  They appear even 
denser  in  muscle  stained  with  phosphotungstic  acid 
before embedding (f, Fig. 2). The general course  of the 
myofilaments  is  longitudinal  within  the  elongated 
muscle  cells.  However,  they  sometimes  change  their 
orientation  abruptly  within one  and  the  same  muscle 
cell.  In  the  isolated  muscle  cells  which  occur  in  the 
walls of the very smallest pulmonary veins, bundles of 
myofilaments (myofibrils) seem to run in all directions 
since longitudinal,  oblique,  and  cross-sections of myo- 
fibrils are seen side by side within the same cell. These 
haphazardly  arrayed  myofibrils are  normally  striated. 
In  favorable  cross-sections of  lung  vein  as  well  as 
thoracic  vein  musculature,  the  two  types of  myofila- 
ments (Huxley  and  Hanson,  22-25)  can be recognized 
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profiles  of  varying,  often  angular  shape  which  lie 
about  32  to  37  m/z  apart  (center-to-center  distance) 
and  which  measure  about  16  m#  in  diameter.  The 
secondary  filaments  appear  as  smaller  (diameter  of 
about  5  m/z)  dots of lesser density.  The primary fila- 
ments in places show a  rather  typical hexagonal  (17, 
33)  array  (Fig.  3,  in  the  areas  around fl),  but  they 
seem more irregularly  distributed in other areas  (Fig. 
3).  A  few of the secondary myofilaments seem located 
at  equal  distances from  three  adjacent  primary  ones 
(Fig. 3), but others appear more irregularly distributed 
between the primary  myofilaments. Fig.  3  also shows 
that  in  a  slightly  oblique  cross-section the  secondary 
filaments appear only in certain areas (suggesting that 
they are not continuous through the whole sarcomere). 
In a  few thin longitudinal sections stained with uranyl 
acetate the same secondary filaments alternating with 
primary ones may be indistinctly seen (30). 
The Mitochondria  (Sarcosomes): 
The mitochondria occupy a  large portion of the  cell 
area seen in any one thin section (m, Fig. 1).  They are 
arranged in layers between the myofibrils (m, Fig.  2). 
Often they are as long as a sarcomere and terminate at 
the Z  bands  (m, Figs. 9,  10).  In other cases, however, 
they continue past the Z bands (m, Fig. 2). A few mito- 
chondria  are  found  immediately  beneath  the  plasma 
membrane. 
Their fine structure is in principle the same as  that 
of mitochondria elsewhere. Typical for these mitochon- 
dria is the tight packing of the numerous cristae (crl, 
Fig. 4), occasional branching of cristae (arrow, Fig. 4), 
and "interruptions" interpreted as fenestrations (double 
arrow,  Fig. 4). 
Depending on  the sectioning plane,  the cristae ap- 
pear more or less distinct. If the section passes through 
them in a very oblique or in a parallel plane, the cristae 
fade  and  become  almost  indistinguishable  from  the 
mitochondrial matrix  (or2 and cr3, Fig. 4).  If cut per- 
pendicularly,  the  cristae  appear  as  the  classical  (36) 
membrane-bounded  structures  (crl,  Fig.  4)  with  a 
width  of  about  13  to  27  m#.  In  most  mitochondria 
some  cristae  appear  more  distinct  than  others  (m, 
Figs. 9,  10), implying that they are not strictly parallel 
through the whole mitochondrion. 
The  Endoplasmic  Reticulum  (Sarcoplasmic  Reticu- 
lum, Sarcotubules): 
This  system  of  membrane-bounded  cavities  has 
been well characterized in other types of muscle (1, 43, 
44).  In this musculature of blood vessels it appears ar- 
ranged  in  a  similar  pattern.  It  consists  of  several 
portions: longitudinal tubules (parallel with myofibri]s), 
transverse  tubules  (in  planes  vertical  to  myofibrils), 
vacuoles at Z band levels, and vesicles situated close to 
Z bands or just  beneath  the plasma membrane  (30). 
The  most  prominent  are  the  longitudinal  tubules 
which run  parallel  with  the  myofilaments and  which 
surround the myofibrils. Their diameter is about 24 to 
36  m#.  They  often traverse the  levels of Z  bands  (r, 
Figs. 7, 8; rl,  Fig.  12)  as well as the regions where the 
M  bands  would  be  located  in  other  types  of  muscle 
(r, Figs. 6,  11).  These units are accompanied by a  few 
granules which resemble Palade particles in size and ill 
density, and which are seen attached to the bounding 
membranes but rarely  (p,  Fig.  12).  Some longitudinal 
tubules  run  straight  through  the  whole  length  of  a 
sarcomere (rl, Fig. 10).  Others may branch and anasto- 
mose to form a  more complicated system of canaliculi 
which also appears continuous through the whole sarco- 
mere  (Fig.  10).  A  specialized arrangement  of  the  re- 
ticulum at  the middle of sarcomeres (44)  seems to be 
lacking. 
The  transverse  tubules  are  located  adjacent  to  Z 
bands (r2, Figs. 10 and  12).  They have been traced as 
continuous units for not more than ~8G0 m# and it is, 
therefore,  undecided  whether  they  continue  uninter- 
rupted  across the whole muscle fiber.  Clear  intercon- 
nections between them and  longitudinal  tubules have 
not  been observed, although  there is some suggestive 
evidence (r2, Fig. 9). 
In  addition  to  the  transverse  tubules,  certain flat- 
tened vacuoles are also located at some Z  bands. They 
measure about 100 >(  250 m# or more. They are often 
flanked on  two opposite sides by  tubular  or vesicular 
profiles  of  endoplasmic  reticulum  (va,  val_~, Figs. 4, 
6, 9). These complexes of vacuoles plus flanking units of 
reticulum are reminiscent of, but not as typical as the 
"triads"  and  "dyads"  of skeletal and of heart  muscle 
(44).  The  vacuoles  lie  either  directly  at  the  Z  band 
level  (va,  Fig.  6)  or  slightly  towards  one  side  of  it. 
Rarely  two  vacuoles are  found  at  the  same  Z  band, 
comparable  to  two  "I  band  vesicles"  in  amphibian 
skeletal  muscle  (18).  They  are  separated  by  a  trans- 
verse  tubule  and  appear  flanked  on  their  outside  by 
similar units (va2, Fig. 9).  Figs. 4  and 5 show vacuoles 
of the type described which appear to contain a spheri- 
cal "body" or "granule" (g), 80 to 200 m# in diameter. 
Figs. 6 and 12 show some further interesting details 
of the  sarcotubular  system.  The  nucleus  (n,  Fig.  12) 
borders  in  part  on  a  layer  of  sarcoplasm  devoid  of 
myofilaments which contains numerous small  vesicles 
(v). These seem to interconnect with longitudinal units 
of the endoplasmic reticulum.  Similar vesicles are con- 
centrated in  two sectors of a  Z  band  (v,  Fig.  6)  and 
appear  also to interconnect with each other and with 
longitudinal tubules. 
Myoneural  Junction: 
Fig.  11  shows a  structure  which was  observed by 
chance, and which is interpreted as a  myoneural junc- 
tion. A  nerve ending (ne)  is identified on the basis of 
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~dria, which are distinguished from those of the muscle 
by  their smaller size.  It establishes  contact  with  two 
.(or  possibly  three)  muscle  cells  (mcl-3).  The  "gap" 
between the parallel plasma  membranes of nerve and 
muscle measures about  10 to 20 m#. There is no trace 
of a "basement membrane" within this "gap," and no 
synaptic  complexes (40) are seen.  The axonal plasma 
membrane is smooth and  uninterrupted.  The apposed 
plasma  membrane  of  the  muscle  cells  does  not  differ 
from plasma  membranes  elsewhere.  Small vesicles lie 
underneath the muscle plasma membranes (v, Fig. ll). 
There is no subneural  apparatus  (7).  In summary,  the 
portion  of  the  muscle  which  is  in  contact  with  the 
nerve does  not  show any  specific  structure. 
DISCUSSION 
The  striated  muscle  in  lung  veins  was  first 
described by Stieda (57), who studied this muscu- 
lature in several mammalian species, including man. 
He  showed  that  in bats  and  in  mice the striated 
musculature  accompanies  all lung  veins  down  to 
the  very  smallest  ones.  Arnstein,  who  confirmed 
Stieda's findings (2), described also the presence of 
intercalated  discs  which  he interpreted  as  bound- 
aries between muscle cells. He, therefore, assumed 
that  the  musculature  of  lung  veins  was  of  the 
cardiac  type.  Granel  (15)  observed a  few smooth 
muscle fibers along with the striated ones. Finally, 
Favaro  (10)  analyzed  this  musculature  in  a 
variety  of  animals,  including  lower  vertebrates. 
He proposed  the  term  "pulmonary  myocardium" 
because  of  the  continuity  between  the  lung  vein 
musculature and the left atrium. 
A  previous  (29)  as  well  as  the  present  study 
confirms that the musculature occurring in thoracic 
and  in  lung  veins  of  the  mouse  is  indeed  of  the 
cardiac  type,  because  of  the  following  criteria 
which are typical of heart muscle: central location 
of  nuclei  within  the  muscle  fiber  (n2, Fig.  1), 
narrow I  bands,  numerous and large mitochondria 
containing tightly packed  cristae, and presence of 
typical  intercalated  discs  (30).  The  occurrence of 
such musculature  in large veins close to  the atria 
of  the heart  would  not  be  too surprising,  since  a 
link  exists  in  the  embryologic  development  of 
such  veins  and  of  the  heart  (12,  35,  51).  The 
extraordinary  fact,  however,  is  that  in  mice  this 
cardiac  type  of  musculature  is  found  in  all lung 
veins  down  to  the  very  smallest,  in  which  the 
muscular coat is only one cell layer thick. 
One cannot help but wonder if this musculature 
represents  more  than  a  curiosity,  if it  has  a  spe- 
cific  function.  Arnstein  assumed  (2)  that  the 
striated  musculature  of  veins  acted  in  lieu  of 
venous  valves,  and  that  these  substitutes  for 
valves might  be  especially important  in  the  very 
short  lung  circulatory  system  of  small  animals 
such  as  mice  and  bats.  Favaro  (10)  likewise 
stressed  that  this  musculature  is  best  developed 
in  the  smallest  animals,  irrespective of  the  order 
to which they belong. 
Another  hypothesis  than  the  one presented  by 
Arnstein  might  be  equally  attractive.  Small 
animals  like  mice  and  bats  have  a  very  high 
metabolic  rate  and  high  cardiac  activity,  with  a 
presumed  high  pulmonary  blood  flow.  However, 
because  of  the  smallness  of  the  lungs  in  lhese 
animals the arterial and venous trees are of small 
cross-section,  and  hence  exhibit  a  high  flow 
resistance.  The  striated  musculature  in  veins 
could,  perhaps,  help  to  overcome  a  portion  of 
this  flow resistance.  It  might  thus  act  as  a  "pe- 
ripheral heart" in these animals. Such a peripheral 
heart  mechanism  is  known  in  the  wing  veins  of 
bats  (26,  31),  although  it is said  that  the muscu- 
lature of those veins is smooth, not striated (6, 16). 
Whatever  the possible  function  of  the  striated 
musculature  in  pulmonary  veins  might  be,  its 
presence  should  prove  highly  interesting  to 
physiologists. 
The Bands: 
In the lung vein musculature  the narrowness or 
complete  absence  of I  bands  is  noteworthy.  This 
is  perhaps  due  in part  to  an  agonal  contraction, 
occurring  during  the  time  between  killing  the 
animal  and  the  infusion  of  the  fixative.  The 
rather  short  average  length  of  sarcomeres  (1.3 
to  1.9#)  supports  such  an  assumption.  In  Fig.  2 
such  a  contracted  muscle  fiber  can  be  compared 
with  a  resting  one.  The  narrowness  of  I  bands 
(Fig.  2)  suggests  that  the  degree  of  contraction 
of  which  this  musculature  is  capable  is  rather 
limited. A  higher degree of contraction  in muscu- 
lature of lung veins would indeed be unnecessary, 
if  not  harmful  for  the  successful  functioning  of 
a peripheral heart mechanism as proposed above. 
The Myofilaments: 
Because  of  the  generally  circular  arrangement 
of  muscle  cells  around  the  blood  vessel  lumen 
the  course  of  myofilaments,  as  seen  in  thin  sec- 
tions,  often  appears  irregular.  The  unpredictable 
orientation  of  myofilaments  makes  it  difficult  to 
obtain ideal cross- or longitudinal sections.  There- 
fore,  a  careful  analysis  of  the  myofilament  ar- 
rangement,  analogous  to  Huxley's  studies  (23). H.  E.  KARRER  387 
becomes  nearly  impossible  and  has  not  been 
attempted  in the  present  study.  Nevertheless,  a 
few  fortuitous  electron  micrographs  of  muscle 
cross-sections  do  show  that  a  double  array  of 
primary and  secondary  myofilaments, somewhat 
similar  to  the  one  observed  in  skeletal  and  in 
insect  flight  muscle  (22-25),  also  exists  in  this 
cardiac  type  of  muscle.  This  seems  to  be  the 
first time that  the  two filament types have been 
described in a cardiac type muscle. 
In  cross-sections  (Fig.  3),  only  a  few  of  the 
secondary  filaments  appear  distributed  in  a 
manner  typical  for  vertebrate  striated  muscle 
(25,  26),  namely at  the  center of  an  equilateral 
triangle the  apices  of  which  are  represented  by 
three primary filaments. Also, not all the primary 
filaments show a perfect hexagonal array (Fig. 3). 
In  view  of  these  facts  it  appears  premature  to 
conclude  that  the  myofilaments of  this  cardiac 
muscle  are  arranged  as  regularly  as  those  of 
vertebrate skeletal muscle (22, 23).  On the other 
hand, Fig. 3  does  not disprove the possibility of 
such a  regular arrangement, since it represents a 
slightly oblique rather than an ideal cross-section 
and,  therefore,  would  not  clearly  show  a  sup- 
posedly  hexagonal  array  of  the  myofilaments. 
More exact cross-sections through this muscle do 
show such a hexagonal array (30). 
Nothing  definite  can  be  said  concerning  the 
arrangement of  filaments as  seen in longitudinal 
views of  this muscle, because no accurate longi- 
tudinal  sections  of  the  required  thinness  (23) 
were  obtained. However,  it  is  suggested  that  in 
this  muscle also  the primary filaments make up 
the  A  bands,  whereas  the  secondary  filaments 
stretch  from  the H  band to  the Z  discs,  for  the 
following  reason.  Fig.  3  of  the  present  study, 
which  closely resembles  the  Fig.  15  of  Huxley's 
report  (22),  suggests  that  in  the  muscle  under 
study,  as  in  the  muscle  types  investigated  by 
Huxley,  a  certain  portion  of  the  sarcomere  (H 
zone)  contains  only  primary  filaments.  It  is, 
therefore,  justifiable to  assume  that  also  in  this 
type of muscle, and perhaps in cardiac muscle in 
general, the  two  types of filaments have a  finite 
length  and  that  during  contraction  these  two 
types of filaments slide past each other (22-24). 
The Mitochondria (Sarcosomes): 
In regard to its numerous and large mitochon- 
dria  the  muscle  under  investigation closely  re- 
sembles cardiac muscle. The large number of the 
internal  cristae  within  these  mitochondria  is 
another typical feature of heart muscle sarcosomes 
(44). The varying appearance of cristae in different 
portions  of  mitochondria  (Fig.  4)  is  attributed 
entirely to a  variation of the plane in which  they 
are  sectioned  (see  description  of  Fig.  4).  An 
analysis  of  how  tightly  packed  parallel  cristae 
appear  under  varying  angles  of  sectioning has 
been made by other authors (34). 
The occasional profiles in the forms of rings or ovals, 
which can be seen within the  matrix of mitochondria 
(60)  (double arrow, Fig. 4),  are  not  interpreted  as 
cross-sections through tubular "cristae."  Such tubules 
are  known to  occur in  some types  of  mitochondria, 
notably of protozoa (47, 53, 54). However, many more 
round profiles should be apparent  within all mitochon- 
dria if this were true here. The occasional ring profiles 
that are actually seen are often arranged in rows, and 
it,  therefore, seems more likely that several of  them 
belong to one and the same crista which is fenestrated 
(44). 
The Endoplasmic  Reticulum  (Sarcoplasmic Reticu- 
lure, Sarcotubules): 
This tubular system inside muscle cells,  which 
has been rediscovered  by Bennett and Porter (3), 
is  of  special interest if  one considers its possible 
functions  (41,  50).  For  the  present  study,  the 
term "endoplasmic reticulum" has been preferred 
because of  its  more  general  significance.  It  is  a 
reminder that the sarcotubules are but a specialized 
variety of an organelle system which is proven to 
occur in one form or another within all cell types 
hitherto investigated (38). 
The  striated  musculature  of  blood  vessels 
does  not lend itself well  to  a  care[ul analysis of 
how  the  endoplasmic  reticulum  is  arranged  in 
relation to other cell structures like Z  bands and 
myofilaments. The reason for this is the difficulty 
with  which  exact  longitudinal or  cross-sections 
through  such  muscle  cells  are  obtained.  Conse- 
quently,  the  findings  presented  here  must  be 
considered  as  chance  observations,  and  they 
cannot  give  a  complete  picture  as  to  how  the 
reticulum is arranged, in three dimensions, within 
these muscle cells. 
In  general,  the  endoplasmic reticulum  of  the 
blood vessel  musculature resembles the reticulum 
of myocardium (44) in its arrangement as well as 
in its distribution. 
The  longitudinal  portions  of  the  reticulum 
continue  rather  frequently  through  Z  bands 
(r,  Figs. 7, 8; rb Fig.  12). This confirms findings 
made on mouse skeletal muscle (1)  but contrasts 388  STRIATED MUSCULATURE OF BLOOD VESSELS. I 
with another report  (44).  Because of  the virtual 
absence of I  bands in the muscle under study, it 
was  not possible to determine whether the longi- 
tudinal reticulum is interrupted at the A-I interface 
(t).  However,  some  electron micrographs suggest 
that in this muscle this is probably not true (Figs. 
7, 8, 10). 
The fact that some sparse rough-surfaced units 
of  endoplasmic  reticulum  do  occur  within  this 
muscle (p,  Fig.  12)  does  not contradict previous 
reports  which  mentioned  only  smooth-surfaced 
tubules (1).  Rough surfaced units are quite rare, 
and they could, therefore, easily be missed. 
The  transverse  tubules  of  the  endoplasmic 
reticulum can be traced for only short distances as 
they accompany the Z bands. It is, therefore, unde- 
cided whether these units represent the continuous, 
impulse-conducting  cross-links at the Z band levels, 
the  existence of which is being postulated on the 
basis  of  the  physiological  data  (18,  21).  This 
question will be  taken  up  again  in  a  following 
report  (30). The transverse tubules correspond to 
similar units in mouse skeletal muscle which were 
found located at the A-I interface (1). In the muscle 
studied here,  which usually lacks I  bands, these 
units are adjacent to the Z bands, and it appears 
that there might be at least two at each Z band 
(r2, Fig.  10), corresponding to the two transverse 
tubules at  either  end  of  each  I  band  of  mouse 
skeletal muscle (t).  Although it had  been found 
that  the  transverse units are  separate  from  the 
longitudinal ones (1, 4), there is a suggestion that 
in  the  muscle  studied  here  some  cross-links do 
exist. 
The  significance of  certain  "granules"  within 
the  lumen  of  the  middle  vacuole  of  "triads" 
(g, Figs. 4,  5)  is not clear.  They could, in reality, 
represent  portions  of  cytoplasm protruding into 
the  vacuole and  sectioned  near-tangentially. On 
the other hand, they could also be comparable to 
the "intracisternal granules" within the lumina of 
rough surfaced endoplasmic reticulum in pancreas 
cells (39, 55). 
Myoneural Junctions: 
In  another  electron  microscope  study,  nerve 
axons  have  been  seen  within  heart  muscle  to 
"pass  near  to  the  sarcolemma,"  but  they  ap- 
parently "were  not attached  to  it at any point" 
(ll).  Those  axons  also  appeared  separated  from 
the muscle cells by the outer dense layers ("base- 
ment membranes") belonging to nerve and muscle. 
It was concluded that specialized  myoneural junc- 
tions did not exist  (I1). In contrast, the present 
study  indicates that  certain nerves in a  cardiac 
type  muscle  are  closely  applied  to  the  muscle 
cells, without the intervention of basement mem- 
branes  (Fig.  11). Because  of  this  observed  close 
relationship and because of the presence of synaptic 
vesicles  (Fig.  ll), it is reasonable to assume that 
such structures are myoneural junctions. 
The muscle cell surface within these myoneural 
junctions (Fig. 11) lacks the specific substructures 
which are seen in myoneural junctions of skeletal 
and of insect flight muscle (1,  9,  37,  45,  46).  On 
the other hand, the nerve ending itself has some- 
what the same fine structure as a variety of other 
nerve endings in either myoneural and interneural 
synapses. The significance of the synaptic vesicles, 
which  characterize  all  these  nerve  endings,  has 
been discussed (40). Itwas believed that the vesicles 
and their contents "traverse" the gap between the 
two adjacent cells (8), but in the present material 
no morphological evidence of such a process could 
be found. 
I am indebted to Dr. F. B. Bang and to Miss B. Sum- 
mers for their help during the preparation of the manu- 
script. 
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PLATE  180 
FIO.  1.  Cross-section through the wall of a  medium-sized lung vein.  The endothelium  (en)  consists of greatly 
flattened  cells which thicken in  circumscribed areas to accommodate the nucleus (nl).  The subendothelial layers 
consist of a  basement membrane (bre),  connective tissue cells (ct),  elastic fibers (e),  and collagen fibrils (c).  This 
connective tissue layer appears somewhat dilated, which is probably an artifact due to tissue shrinkage. The mus- 
cular layer has the thickness of two muscle cells (mc) which are in close contact with each other. A centrally located 
nucleus of one of these cells is seen (n2).  The dark Z bands traverse the muscle cells at regular intervals of about 1.4 
#  (z). I, H, and M  bands cannot be recognized. The mitochondria (re)  appear as dense elongated bodies arranged in 
layers and lying roughly parallel with the long axis of the muscle cells. 
Uranyl acetate-stained.  ;<  7,000. 
FIG.  2.  Cross-section through the wall  of a  medium-sized lung vein.  Portions of an endothelial cell  (en)  with 
its nucleus (n) and of two muscle cells are seen. The lumen of the vessel is at the left (lower corner), the adventitia 
at the right. The sarcomeres of one muscle cell (reel)  measure 1.25 #  in length. In this cell only the dense Z bands 
(z~) are seen to traverse the myofilaments if), except in one area where narrow I  bands appear  as well (arrows). 
In the other muscle cell  (mc2)  the sarcomeres are longer  (1.9 #), and all the Z  bands (z2) are flanked by typical I 
bands (i). These I  bands measure about 370 m/z in width. The dark bodies within the cells are mitochondria (re). 
Phosphotungstic acid-stained.  X  16,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  180 
VOL. 6 
(Karrer: Striated musculature of blood vessels. I) PLATE 181 
FIG. 3.  Cross-section of myofilaments (musculature in a thoracic vein). In the middle portion of the micrograph 
only the large profles of cross-sectioned primary filaments (fl)  are seen. This area is, therefore, identified as the 
H  band  (]1). In the upper and  lower portion of the mierograph the secondary myofilaments (].,)  are  recognizable 
as small (5 m#)  dots of low density interspersed between the primary filaments. These areas are,  therefore, inter- 
preted as :k bands  (a).  At the very bottom of the figure only secondary filaments are seen. This area represents 
the I  band (i). Since this section passes through the H, A, and I  bands, it represents a slightly oblique crosa section 
through the muscle. This fact might explain the irregularities seen in the array of the myofilaments, which in places 
appear  arranged  hexagonally  (e.g.,  around  /l  and  around fl).  A  few of the  secondary myafilaments lie in  equal 
distance from  three primary ones, in  the  pattern  typical of  striated  muscle of  vertebrates  (22,  23).  There  ap 
pears to be an equal  number of both kinds of fi]aments. Two  rows of round  profiles  (r), repre.~enting portions of 
the endoplasmic reticulum, are arranged at  the boundaries between the H  and A  bands. 
Phosphotungstic acid-stained. Araldite embedded. X  190,000. THE  JOURNAL  OF 
BIOPHYSICAL  AND BIOCHEMICAL 
CYTOLOGY 
PLATE  181 
VOL, 6 
(Karrer:  Striated  musculature of blood vessels. I) PLATE 182 
Fro. 4.  Portion of a  muscle cell. The myofilaments (f) are sectioned roughly longitudinally. A Z  band appears 
as a hazy zone of increased density (z). The mitochondria (m) are bounded by two membranes.  Within  their matrix 
the cristae mitochondriales appear in a variety of forms depending on the angle at which they are sectioned. When 
their membranes are normally cut,  the cristae appear in the form of parallel  "double membranes"  (or1).  Where 
they are sectioned obliquely, and where the section passes in  between them,  they fade (cr2) or become unrecog- 
nizable  (cr3).  A  few cristae are seen to  branch  (arrow);  others are fenestrated (double arrow).  The longitudinal 
endoplasmic reticulum appears as chains of vesicles arranged parallel with the myofilaments (rl).  The transverse 
units of the reticulum run parallel with Z  bands @2). Adjacent to them  are large flattened vacuoles (va).  One nl 
these appears to contain a  round dense "body" or "granule"  (g), which, in reality, might represent a  tangential 
section through the wall of the vacuole.  A number of dense particles (p),  representing either  Palade  particles or, 
possibly, glycogen (11), measure about  12 m# in diameter. 
Uranyl acetate-stained. X  80,000. 
FIG.  5.  Detail from an area adjacent to a Z band (z).  A small membrane-bounded vacuole (val)  adjacent to the 
band appears to contain a spherical "body" about 200 m# in diameter (g) which, in reality, might simply represent 
a  section  through a  portion of  cytoplasm  invaginated  into the  vacuolar  lumen.  The  vacuole  borders  units  of 
the endoplasmic reticulum (r)  and a smaller  second vacuole  (va2). Seen  three-dimensionally the two  vacuoles are 
perhaps not separate units, but rather portions of a single cavity, similar to va,  Fig. 6. 
Uranyl acetate  stained.  X  85,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  182 
VOL. 6 
(Karrer: Striated musculature of blood vessels. I) PLATE 183 
Fro. 6.  Longitudinal section through interior of a  muscle cell.  The parallel myofilaments (j)  are traversed by 
a Z band (z).  They are grouped into bundles (myofibrils) which are separated by elongated mitochondria (m)  and 
by tubules of the endoplasmic reticulum  (1"). At  one Z  band  the endoplasmic reticulum  expands into a  maze of 
small vesicular profiles (v) which in places are interconnected. In addition, some larger vacuoles (va)  are associated 
with  these vesicles. In places they  also communicate with each other  (arrow).  A  vacuole appears  to  contain  a 
membrane-bounded "body" (g) resembling the one shown in Fig. 5  (g).  A moderate number of small particles (p) 
are associated with the endoplasmic reticulmn. 
Uranyl acetate-stained.  X  70,000. 
FIG.  7.  Longitudinal section. The longitudinal units of the endoplasmic reticulum api)ear as  rows of round and 
elongated profiles (r) which run between and parallel to myofilaments (J). They appear to stretch across the plane 
of a Z band (z). 
Unstained. X  65,000. 
Fro. 8.  Longitudinal  section.  Two  longitudinal  units  of  endoplasmic  reticulum,  which  appear  as  elongated 
tubular profiles (r), clearly traverse the plane of a Z band (z). 
Uranyl acetate-stained.  X  85,000. THE  JOURNAL OF 
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FIG.  9.  Portion of a muscle cell. The longitudinally sectioned myofilaments if) are arranged in narrow bundles, 
separated by elongated mitochondria (m). At regular intervals of about 1.3 #  the myofilaments are traversed by the 
dense Z bands  (z).  The endoplasmic reticulum consists of numerous tubules and interconnected vesicles. Some of 
these run parallel to myofilaments (longitudinal units, rl). At the Z bands they seem to send off  branches  which 
run in planes vertical to the myofilaments (transverse units, r2). Other units of the retlculum traverse the Z bands 
(ra).  A  few larger membrane-bounded vacuoles are located at  the level of Z  bands  (val). At one Z  line two such 
vacuoles  (va2)  are separated  by a  transverse tubule of  the endoplasmic  reticulum  (r4).  These vacuoles  are con- 
tacted by transverse reticulum  (rs)  and by mitochondria. 
Unstained. X  4,5,000. 
FiG.  10.  Portion of a muscle cell. Elongated and densely packed mitochondria (m) are arranged between bundles 
of myofilaments (f).  The  (lense Z  bands  (z)  traverse these myofilaments at  regular intervals of  1.4/~.  Smooth- 
surfaced tubules of the endoplasmic reticulum run parallel between the filaments (longitudinal units, r~). At Z band 
levels other such tubules  (transverse units)  follow the Z  bands.  Two of these appear  to be located at  the same 
band 0'2). 
Unstained. X  55,000. THE  JOURNAL OF 
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Fro.  11.  Myoneural junction. Portions  of two muscle cells (me1, mc~) are recognized.  Intercalated  between their 
limiting plasma membranes is a  nerve ending  (he),  characterized  by its  numerous synaptic  vesicles  and  by its 
mitochondria (ml), which are smaller than the muscle mitochondria (m2).  Adjacent to the nerve ending lies a por- 
lion of cytoplasm which is believed to belong to a  third muscle cell (mc.~). The myofilaments are  traversed by the 
Z  bands (z).  The  endoplasmic  reticulum appears  as tubules  and vesicles arranged  parallel  to  the  myofilaments 
and continuing through the whole length of the sarcomere (r). Small vesicles are arranged beneath the plasma mem- 
branes of the muscle ceils (v). 
Unstained,  X  50,000. 
FIG.  12.  Portion of a  muscle cell.  The nucleus (n)  is bounded by a nuclear envelope with an inner and an outer 
membrane. The myofilaments (f) are traversed by the Z bands (z). The endoplasmic reticulum appears as a system 
of tubules and  vesicles. Nearly  all  the membranes which bound  these units are  smooth surfaced,  but  one short 
portion of a tubule is of the rough surfaced variety (with adhering particles, p). A longitudinal unit of the reliculum, 
which runs parallel to the myofilaments, traverses a Z band  (rl).  Another  such unit runs at a Z band level  anti  is 
oriented parallel with the band (transverse unit, r~), Small vesicles at two additional Z  lines (arrows)  indicate that 
a similar relationship might exist at all Z levels. At the right the nucleus (n)  is in immediate contact with  the  myo- 
filaments, whereas at  the left it bounds on a  narrow layer of sareoplasm containing numerous small vesicles (v). 
The  vesicles seem  to  interconnect  with  tubules of  the  reticulum  (ra). 
Unstained.  X  60,000. THE  JOURNAL OF 
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